Telomerase is a special ribonucleoprotein complex that synthesize telomeres found at the ends of linear
as proliferative capacity of the cells. Active telomerase is detected in stem cells, it is practically absent in somatic cells and is activated at early stages of dedifferentiation and proceeding to non-controllable proliferation in cancer and in immortalized cell lines [5] . The inactivation of telomerase results in successive shortening of telomere, ageing of cells, and apoptosis. However, in numerous cases of cancer at high level of telomerase activity, the telomeres are shortened to the length, which is shorter than the critical one, but the cell continues its division. Besides, the inhibition of telomerase increases the risk of tumour formation in rapidly regenerating tissues of humans and mice.
Due to the role of telomerase in the processes of ageing and tumor progression it became the object of deep and comprehensive study in many laboratories of the world. At present significant bulk of knowledge on functions and inhibitions of telomerase in humans, mice, yeasts, protozoa and in cell cultures has been collected. Although, a great number of reviews are dedicated to the regulation of telomerase activity (e.g. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ), the recent results about global change in gene expression in telomerase mutants, which provide additional information regarding the mechanisms of regulation of telomerase activity were obtained.
Telomere as telomerase substrate The main telomerase function is the synthesis of telomeric repeats. It determines the role of telomerase for cells. Therefore, some attention to telomeres has to be paid but the detailed analysis of structure and functions of telomeres is not the purpose of this review. Several nice reviews dedicated to telomeres have been already published recently [25] [26] [27] . Telomere is a specific DNA-protein complex which provides complete replication of terminal DNA and protects linear ends of eukaryotic chromosomes from cross-linking, degradation, recombination, and their recognition as double-stranded breaks by the reparatory system of a cell, i.e. stabilizing the chromosomal apparatus in such a way [25, 28, 29] . Telomeric DNA is a tandem repeat of TTAGGG hexamer in mammalians [7] and TTTAGGG heptamer in plants [30] and irregular repeats TT(G)1-3 in yeasts [31] . Another model organism Drosophila melanogaster and some plants do not have typical telomeric repeats [32] [33] [34] . On 3'-end of telomeric DNA of mammalians and plants there is a specific single-stranded G-rich overhang, which bending back forms so called T-loop (telomeric loop) [35] . Its hybridization with anti-parallel strand of partially untwisted telomeric DNA duplex generates D-loop (D-displacement). Some convincing evidences on G-rich overhang playing an important role in telomere functioning as a substrate for binding of specific DNA-binding proteins which protect the ends of chromosomes from degradation and cross-linking have recently appeared [36, 37] . Moreover, G-rich overhang is necessary as a substrate for telomerase which is incapable of extending double-stranded DNA [38] .
The bulk of telomeric DNA is organized into nucleosomes. However the special nucleotide sequence of telomeric DNA defines binding of the specific telomeric proteins to its terminal region [26] . Moreover, the protein components provide telomeres with their basic features [27] . Telomere-binding proteins form specific telomeric heterochromatin which protects the ends of chromosomes and inhibits the expression of telomeric and subtelomeric genes as well as genes nearest to them, determining, so called telomeric positive effect [40] . Telomeric heterochromatin was shown to have common features with the centromeric one. histone proteins of telomeric heterochromatin are able to be methylated, which changes the telomere state and consequently the telomerase access to them, performing the epigenetic regulation of telomere length [41, 42] .
The proteins associated with telomeres determine telomeric spatial structure. Telomeric Repeat Binding Factor 1 (TRF1) associated with double helix of human telomere bends telomeric DNA, and therefore causes the formation of T-loop [39] . TRF1 concentration is correlated with the length of telomere and, as it has been recently stated, transmits the information about the length and the state of double helical telomere to POT1 (Protection of Telomeres) protein, localized on single helix G-rich overhang. Its basic functions are protection of telomeres and the regulation of their length [43] . One more protein associated with single strand G-rich overhang is TRF2, which stabilizes T-loop and prevents telomere cross-linking [37] . T-and D-loops formation has been recently determined to be the main way of protecting chromosome ends. [44] .
The length of telomeres varies significantly in different organisms, in different species of every genus population, in different cells of organism, in different chromosomes of the same cell, and even on different chromosome arms [45] . In the somatic cells of multicellular organisms, where telomere synthesis does not occur, they are shortened for 50-200 nucleotides as a result of underreplication during each cell division [46] until the length of telomere reaches its critical value and telomere is incapable of fulfilling its function. The mechanisms which lead the cell to replicative ageing, i.e. the cell becomes indivisible or the apoptosis is launched, are activated as a result of underreplication at the length value smaller than the critical one or in case of loss of telomere function due to injury. The apoptosis was shown to be launched by the smallest telomere [47, 48] . If it does not happen for some reasons and the cell with defective telomeres continues to divide, it results in genomic instability and, probably, in malignant transformation of the cell [49] . Therefore, for some time the telomeres were considered to be a kind of "biological clocks", which determine duration of lifespan of cells and, possibly, of entire organism. However, the numerous recent data, testify about the complete miscorrelation between the length of telomere and the life of the cell and the organism [50] , i.e. the telomeres can not be the "clockwork" counting out the lifetime of cell and, moreover, the organism, nevertheless, undoubtedly they can be considered a rather governing gear in such "clockwork", the correlation of which with its other constituents remains unclear.
Telomerase synthesis -the main mechanism of telomeric repeats replenishment. The main factor in providing intact telomeres is the synthesis of telomeric repeats by the telomerase. Replenishing telomeric repeats, the telomerase maintains constant cell division, and therefore, it can be considered as the marker of proliferative capacity of cells (Table) .
Telomerase is unique ribonucleoprotein the basic components of which are RNA-subunit (TRTelomerase RNA), containing matrix area, which is complementary to telomeric repeat of G-rich chain, and the protein subunit which is reverse transcriptase (TERT -Telomerase Reverse Transcriptase), capable of synthesizing 5'-3'-telomeric DNA-chain (G-rich), using its own RNA as a matrix [51] . Telomerase reverse transcriptases are characterized by high homology levels in comparison to other reverse transcriptases. They have seven conservative motives of reverse transcriptase sequences [52] . Nevertheless, telomerase catalytic subunits have unique C-and N-terminal sequences, which perform specific telomerase functions, contrary to "ordinary" reverse transcriptases [9, 52] . N-terminal site sequence of TERT binds to telomerase RNA as well as with other components of telomerase holocomplex, i.e. performing multimerisation in such a way [53, 54] . C-terminal site binds telomerase to telomere and together with N-end are responsible for its localization in the nucleolus [55] .
Unlike conservative catalytic subunit, telomerase RNA-subunit of different organisms is variable in both size and sequence [56] . Phylogenetic analysis of RNA-subunits of different organisms showed that regardless of significant heterogeneity of primary TR sequences, their secondary structures are rather Has not been reported (cell ageing signs present) [44] [45] [46] conservative [57] . It may be explained by conservative catalytic subunits requiring the same conservatism in the structure of other telomerase components, and, as it was supposed earlier, the active centre, which ensures the telomerase activity, is of similar 3D structure in different organisms [5] . Though only TR and TERT are necessary for telomerase activity reconstruction in vitro [58] , isolated catalytically active telomerase contains some protein components (besides TR and TERT) which are considered to be necessary for correct operation of telomere in vivo [59] . Telomerase Protein (TEP1), associated to TR, is a part of human telomerase complex [60] . The role of this protein for telomerase has not been studied yet. It is interesting that TEP1 knockout is reflected neither on telomerase activity nor telomere length, but it does accelerate ageing. The other telomerase components are the molecular chaperones p23 and HSP90 [61] , the basic function of which is collecting telomerase holoenzyme and maintaining its stability. They are constantly bound to telomerase complex which may testify about its accumulation in the nucleus and not cytoplasm. Dependence of telomerase activity on cell differentiation state Telomerase activity in unicellular organisms is cell cycle regulated and depends on the intensity of cell proliferation providing homeostasis of telomere length. Regulation of telomarase activity in multicellular organisms is supposed to be much more complicated. It correlates tightly with proliferative potential of cells (Fig. 1, Table) and changes in the process of the organism's development depending on the type of cell differentiation (for detailed review of telomerase tissue-specific activity see ref. [6] ).
Telomerase activity in humans is detected at the blastocyst stage with subsequent disappearing in the majority of embryonic tissues in 20 weeks of embryo development [62] . Telomerase activity disappears at earlier stages in brain, bones, heart, and kidney cells and later -in muscles, liver, lungs and spleen cells. In germ line cells that keep on dividing in the course of their lifetime, telomerase synthesis of telomeres is controlled maintaining the length of the latter at the constant level. In mature spermatozoa and ovocytes incapable of dividing anymore, telomerase is inactive, which correlates with the long time of these cells being in quiescence [62] .
Telomerase activity is not detected in adult somatic cells with limited capability of dividing. Contrary to the majority of somatic cells of human adult, where telomerase is repressed completely, some stem cells and stem-like cells (bone marrow cells, cells belonging to hematopoetic and immune systems, basal keratinocites and intestine crypt cells) reveal insignificant level of telomerase activity after being stimulated for division [6] . This telomerase activity 326 PORUBLEVA L.V. [63] .
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Therefore, contrary to unicellular eukaryotes, where telomerase activity is regulated only in the course of cell cycle, several ways of telomerase activity regulation depending on type of cells and their proliferative capacity may be distinguished in multicellular organisms:
-telomerase activity regulation in telomerase-positive cells during cell cycle;
-flexible telomerase activity regulation in germ line cells in order to provide homeostasis of telomere length;
-temporal activation or inactivation of telomerase in stem-like cells of highly regenerative tissues of hemopoietic and immune system, skin, intestine, which have increased, though limited, proliferative potential. Telomerase is activated in these tissues in case of necessity, when the cells are active and commence fast division;
-mechanism of complete telomerase inactivation in cells reaching the state of terminal differentiation (somatic cells).
Regulation of telomerase activity in the course of cell cycle Telomeres are synthesized during DNA replication in late S-phase in the majority of studied organisms [64] [65] [66] . Therefore, the dividing cell does not require active telomerase in the course of the whole cell cycle but during telomere synthesis only. In fact, telomerase activity increases significantly at early stages of S-phase in yeasts [67] , during the activation of human lymphocytes [68] , in Arabidopsis [69] . The dependence of telomerase activity on the phase of cell cycle was shown best in tobacco BY-2 culture cells, which are well submitted to synchronization. Active telomerase was not detected in the synchronized BY-2 cells during all stages of cell cycle, except for early stage of S-phase [70, 71] .
Telomerase activity in S-phase is induced by cytokines in human organisms [72] and by auxin in plants [70, 71] . One of possible mechanisms of telomerase activation in S-phase is transregulation of TERT transcription. In plants, the regulator of cell cycle -E2F1 transcription factor -activates expression of TERT [69] , the promoter of which contains a binding site for E2F1. Some controversial data regarding the influence of E2F on human telomerase activity have been reported [73, 74] .
On the other hand, telomere heterochromatin is remodeled dynamically during cell cycle, protecting telomeres and inhibiting telomerase in the course of all stages of cell cycle, except for S-phase, as it was shown in yeasts. Yeast telomeric protein Rif2 is dissociated from DNA in S-phase, and therefore, cancels the inhibition of telomerase [75] . The results obtained in yeasts were also shown to have the dependence of telomerase binding to telomere on cell cycle. Telomerase catalytic subunit of Est2P yeast is not bound with telomere in G1-phase at the absence of protein-binding protein Ku, and its association with telomeric DNA is weakened at the late stage of S-phase, which is foreseen by the role of Ku protein in the regulation of telomerase binding to telomere in the course of cell cycle [76] . Ku protein is one of NHEJ (Non-Homologous End-Joining) components [77] and it takes an active part in DNA reparation. It can bind both one-and double-chain disruptions of any of DNA regions. Ku was foreseen to inhibit the degradation and recombination of telomeric repeats on telomeres [78] . Another telomere-binding protein TRF1 was shown to associate with telomeres and to dissociate at its output in extracts of Xenopus laevis eggs, which were at the stage of mitosis [79] . The determining factor of TRF1 binding to telomeric DNA turned out to be its phosphorylation by Polo-like kinase, which also regulates telomerase DNA conformation in the course of cell cycle.
Protein component of telomerase holocomplex of Est1p yeasts which may serve as the bridge molecule between telomere-binding protein of Cdc13 in yeast and the telomerase catalytic nucleus, bridging the connection between them [80] , is bound to telomerase before the late stage of S-phase, while Est2p is associated with telomerase throughout the whole cell cycle [81] . On the basis of these results, the model, according to which yeasts telomerase is constantly bound with telomerase in inactive form, and therefore, is constituent of telomeric heterochromatin, was proposed.
In its turn, telomeric heterochromatin remains in tightly condensed condition, additionally creating the obstacle on the way of telomerase to telomere, throughout the cell cycle, except for the S-phase though. In the S-phase telomeric heterochromatin is remodeled, ensuring the access for telomere to telomerase (Fig. 2) . At the same time the telomerase is activated, perhaps, due to binding to Est1p and Cdc13, as it was proposed by Zakian et al.
Similar telomere remodeling in the course of cell cycle is possible to occur in human [82] . The proposed model foresees that the telomeric DNA is presented as T-loop, where G-rich overhang is protected from access of telomerase during G1-and G2-phases of cell cycle, when telomeres are not replicated. Nbs1 protein [83] , as a part of MRX (Mre11/Rad50/Nbs1) complex, is bound with single strand telomeric DNA in the S-phase. It is possible that Nbs1 causes untwisting of telomeric T-loop, which makes the end of telomeric DNA accessible to telomerase. One more protein, Pot1, which binds single strand DNA of telomeric overhang, plays an important role in regulation of access of telomerase to telomere. The activity of telomerase was revealed to depend on Pot1 localization on the 3'-end of single strand DNA [84] . Telomerase is incapable of extending telomere in the case when Pot1 is associated with the last repeat of telomeric DNA and its activity is increased significantly, if the protein is bound at a position one telomeric repeat before the 3'-end, leaving an 8-nucleotide 3'-tail [84] .
The use of GFP-TERT-constructions in the primary cell lines of human skin fibroblast revealed the localization of TERT in the nucleolus and its release to the nucleoplasm during telomere replication at the late stages of S-phase [85] . In tumour and transformed cells, complete release of nucleolus from TERT was observed, and vice versa the ionising radiation resulted in reassociation of telomerase with the nucleolus in both primary and transformed cells. It is possible that in human cells the regulation of telomerase activity during cell cycle takes place by the means of its isolation from telomeres in the nucleolus and telomerase release to nucleoplasm only during telomere replication at S-phase (Fig. 2) .
The localization of RNA-component of telomerase changes in the process of cell cycle. As it has recently become known TR is localized in nucleoplasmic Cajal bodies [86, 87] in the interphase, which were shown to associate with telomeres for 10-40 min during S-phase. The mentioned fact testifies that Cajal bodies are capable of delivering TR to telomere during S-phase and their functions are possible to be interplayed with synthesis of telomeres.
It has been also revealed recently that TERT influences the level of expression and localization of D cyclin (key cell cycle regulator) [88] . TERT expression decrease in some cancer cells resulted in decrease of D cyclin expression level as well as in its disappearance from nucleoplasm, though it was detected in insignificant quantity in cytoplasm. TERT did not change the expression of A1, B1, and E1 cyclins. The activation of cyclin D gene is interrelated to the activation of Ras, Raf, and Akt kinases [89] , which serve as the regulators of telomerase activity. This fact shows that telomerase is one of the links of cell cycle regulatory chain.
Therefore, telomerase synthesis of telomeres is cell cycle regulated and includes the transportation of basic components of telomerase to telomere from the nucleolus and Cajal bodies, the modulation of telomerase access to telomere as a result of structural modification of the latter, and the regulation of telomerase activity by the cell regulatory network.
Regulation of telomerase work in order to provide the homeostasis of telomere length Telomere length homeostasis in telomerase-positive cells is achieved due to balancing the processes of loss of telomere repeats as a result of underreplication and/or nucleolytic processing as well as their replenishment due to telomerase synthesis. It has been known for a long time that the latter is regulated by telomere length in accordance to the feedback principle [10] . Therefore, telomerase "works" predominantly on the shortest Fig.2 . Cell-cycle dependent regulation of telomerase access to telomere in human cells telomere in mice [90] and yeasts [91] . Similarly, the expression of limited quantity of telomerase in human fibroblast cells results in extending short telomeres first of all [92] . Such regulation of telomerase activity is achieved due to coordinated work of various genes products. Several dozens of genes which are capable of regulating telomere length have already been discovered. Several groups may be distinguished among them: genes capable of regulating telomerase activity, stability of telomerase holocomplex, and telomerase access to telomere.
As it was shown in yeasts, telomere length at the presence of active telomerase may be regulated by telomere proteins that prevent telomerase binding to telomeric G-rich overhang [11] . In order to provide telomerase access to telomere, free telomere overhang has to be available, i.e. telomere has to be "open". When necessary length of telomere is reached, telomere-binding protein Rap1, as well as associated with it proteins Rif1 and Rif2, "close" the telomere by isolating telomere end. D-and T-loops are this "closed" state of telomerase. Thereafter, telomere is incapable of synthesizing and is shortened gradually at each cell division to the length, insufficient for maintaining "closed" state by the proteins anymore and it passes to state "open" to telomerase. Some proteins of telomeric heterochromatin in yeast turned out to be positive regulators of telomere length. Cdc13 assists in creating telomere-synthesizing machine, binding telomerase to telomere, as a result of direct protein-protein interaction. DNA polymerase I/primase complex also belongs to this machine, and was shown to be physically bound with telomerase [93] . Mutations of polymerase I or primase result in telomere synthesis disordering, which shows the necessity of coordinated synthesis of complementary C-rich chain for the correct synthesis of telomeres [94] .
Human TERT gene is localized on the short arm of the 5th chromosome at the distance of 2MB from telomeric heterochromatin, which provides the possibility of epigenetic regulation of TERT expression depending on the length and/or telomere condition. Such regulation is performed by telomeric heterochromatin and is called "telomeric position effect". It was studied first in yeasts [40] and then later it was discovered in humans [95] . Besides, the telomere length is modulated by methylation of histone proteins of telomeric nucleosomes at constant telomerase activity [42] . Gene hTERT (human TERT) was shown to be localized in both telomerase-negative and telomerase-positive cells in tightly condensed region with at least 100 000 b.p., resistant to nuclease influence [96] . hTERT transcription is associated with the appearance of some sites, supersensitive to DNAase I i.e. several minor ones and one main site, located near the site of the initial transcription. In telomerase-negative cells the inhibition of histone deacetylase by trichostatine A resulted in opening the chromatin domain, which contains hTERT gene, as well as in its transcription increase [96] .
The evidences regarding significant complexity of the mechanism providing telomere length homeostasis, which telomerase is also involved to, have been recently obtained as a result of full-scale screening of yeasts mutations, which lead to different kinds of changes in telomere length [97] . The authors analyzed 4852 viable haploid yeast strains, every one of which carried one deletion of open reading frame, and they revealed 173 genes which cause alternate deviations of telomere length. Their functions can be divided into several following categories: first of all, the genes involved in regulation of telomerase activity (e.g. EST, EST2, EST3, TLC1, Ku70, Ku80, Pif1, and of MRX complex); genes providing the stability of telomerase components, for example, telomerase RNA TLC1 (Sm proteins, and MTR10); genes regulating telomeric heterochromatin, defining either replication or protection of chromosome ends (i.e. Cdc13, Stn1, Ten1, Rap1, Rif1, Rif2, Mec) [97, 98] .
Besides, among the genes, the mutations of which result in telomere length deviations there are some which perform other functions which seemingly have nothing to do with telomere length regulation. The largest groups are those involved in vesicular traffic (30 genes), in ribosome function and translation (13 genes), and 10 mitochondrial genes. The interrelation between these genes and telomere activity regulation becomes clear from the screen built by Edmonds et al. [99] using OSPREY software, which is accessible via internet (http://biodata.mshri.on.ca/osprey) [100] . For instance, gene which encodes protein VPS9 is involved in vesicular trafficking and is genetically associated with genes, whose products play a role in silencing, and thus can play a direct or indirect role in telomere length regulation [99] .
Similar results were obtained in the study on large-scale changes in transcription of yeast Saccharomyces cerevisiae genes as a response to deletion of telomerase RNA-component of TLC1 in yeasts, where the length of telomere was incapable of remaining at the proper level [101] . The transcriptions of almost 6200 open reading frames of S. cerevisiae were analyzed in each of nine passages. Approximately 650 open reading frames which changed two or more times in one of the passages at least were revealed. There were genes among them which were involved in protein synthesis, energy processes, reactions to external stress factors, protein folding, cell wall maintenance, carbohydrate and phosphate synthesis, RNA processing and nucleotide synthesis. The functions of almost 1/3 of genes remain unknown yet. In case of telomerase deletion the expression of genes involved in DNA damage and external stresses response was disrupted. Besides, the transcription increase of a large group of genes, responsible for energy processes in mitochondrias, was revealed. And finally, the group of genes, the expression of which was a unique reaction to telomerase deletion, was determined. There were also some genes among them which participated in biogenesis of ribosomes and/or RNA processing [101] .
Such regulation in multicellular organisms may be much more complicated as the telomere length in them is regulated depending on the type of cells and their proliferative capability and telomerase activity regulation is tightly bound with the mechanisms of differentiation, regeneration, etc., which are rather diverse.
Regulation of telomerase activity in the process of cell differentiation Telomerase activity depends significantly on the differentiation of human cells [6] . Telomerase was shown to be inverse dependent on the state of differentiation of immortalized and human cancer cells in vitro [102, 103] . And vice versa the differentiation induction in immortalized mice cell lines did not result in the inhibition of telomerase, which may be explained by fundamentally different mechanisms of telomerase activity regulation in mice, which remains active in various somatic cells [102] . However, in some mice tissues (brain, muscles, heart, stomach) telomerase is also inactivated at the cells reaching the state of terminal differentiation [6] , which allows using mice as model organism in order to study mechanisms of telomerase regulation at the differentiation of some cells.
Both hTERT and hTR are necessary for reconstitution of enzymatic activity of human telomerase in vitro [58] . Nevertheless, many works show that transcription of hTERT represents the rate limiting step of telomerase expression [12] . Meanwhile hTR is expressed in both stem and somatic cells, hTERT expression is to some extend correlated with the change of telomerase activity in differentiation processes and is not detected in somatic cells [12] . Besides, ectopic expression of hTERT is enough for restoring of telomerase activity in vitro in many telomerase-negative cell lines [103, 104] . Epigenetic regulation is considered to be the basic regulation mechanism of hTERT expression as the expression of genes in general, including the differentiation processes [105, 106] .
hTERT promoter does not have any traditional TATA or CAAT boxes but does have multiple CpG islands, capable of methylation [107, 108] . This feature and the presence of binding sites for methylation-sensitive transcription factors within the hTERT core promoter, suggests a possible role for methylation in the regulation of hTERT gene expression. There are rather controversial data in regards of dependence of telomerase activity on hTERT promoter methylation status. hTERT promoter was methylated in telomerase-negative fibroblast cell line [109] , which indicates the silence of methylated hTERT gene [110] . The methylation of TERT promoter increased telomerase activity in some cases [111] , in other cases telomerase activity was decreased [110] , or it had no influence at all [112] . Perhaps, such contradiction may be explained by the fact that different binding sites of transcription factors could be methylated in the aforementioned works. The methylation of promoter may both activate and repress hTERT transcription, depending on what binding site is methylated, i.e. activator or repressor one. Liu et al.'s work [113] demonstrated synergistic involvement of DNA methylation and deacetylation of histones in order to inhibit hTERT promoter activity at different stages of some types of differentiating cells.
hTERT regulatory region is of approximately 2MB, it contains multiple binding sites of transcription factors [114] . There are two E-boxes among them, which are the places of competitive binding of transcription factor c-Myc, which activates the transcription of hTERT as well as repressor Mad [12] . The significant number of transcription factors, which regulate the expression of hTERT, has already been identified, and their number grows constantly [12, 115] .
The decrease in telomerase activity during differentiation is accompanied by the decrease of mTERT (mouse TERT) expression level in muscular tissues of mice as well as in human somatic cells [116] . The authors showed that binding of transcription factors Sp1, Sp3, and c-Myc with three cis-elements influenced the level of mTERT gene transcription during muscular tissue differentiation in inverse dependence, while MyoD, the mediator of differentiation in muscular tissue, does not interact with mTERT promoter [116] . Nevertheless, MyoD may modulate indirectly the promoter activity inhibiting gene expression of transcriptional factors Sp1 and Sp3 [117] . Another transcriptional factor WT1, which has binding site in TERT promoter and inhibits TERT expression, is considered to be tissue-specific and it functions in specific tissues (e.g. spleen, gonads, and kidneys) [118] .
There is no information on telomere heterochromatin differences in human cells with different stage of differentiation and consequently with different hTERT expression level. TERT modification is possible to form an additional barrier on the way of telomerase to telomere in somatic cells. For instance, in such a way it takes place in telomerase-negative tobacco cells, which have already reached the stage of terminal differentiation. The proteins associated with telomeres [119] were capable of inhibiting telomerase of tobacco and Silene latifolia, which points out inhibition of telomerase in plant somatic cells at the level of telomeric heterochromatin.
Telomerase activity may be regulated during the processes of differentiation by means of alternative splicing of TERT transcripts. Several splicing forms of hTERT have been reported [120] [121] [122] [123] [124] . Alternative hTERT splicing was shown to reveal tissue specific nature and therefore can not be accidental, but most likely to regulate the level of functionally active telomerase in the cell [125] . All splicing hTERT forms were found to be inactive. One of them, hTERTa, was shown to be capable of functioning as dominant-negative inhibitor of telomerase function, which may be possibly conditioned by its capability to bind all available hTR and, therefore, to prevent dimerization of hTERT functional form or its binding with other components of telomerase holocomplex [122] .
Smith et al. revealed a rather unexpected interrelation between telomerase and proliferative capacity of cells [126] . He showed that telomerase influences the proliferative state, not only stabilizing telomeres, but also influencing the expression of growth-promoting genes. Ectopic hTERT expression in human mammary epithelial cells increased their growth ability, accompanied by significant changes in gene expression. The authors studied the expression almost 7000 genes at the level of transcription. As a response to ectopic expression of hTERT, 154 genes increased and 92 decreased their transcription. The first group included epidermal growth factor receptor (EGFR) and fibroblast growth factor, in particular [126] .
Though many issues about the regulation mechanisms of telomerase activity throughout the process of organism's development, differentiation of cells and terminal desactivation of telomerase in somatic cells remain unknown, having extrapolated the commonly known data, it is possible to foresee these mechanisms being multiple and having both common and specific features for different types of differentiated tissues.
Regulation of telomerase activity in stem-like cells Contrary to somatic cells, the active telomerase was revealed in the stem-like cells of hemopoietic and immune systems, epidermis, and intestine, however, its activity was lower than in cells of germ line [127] . In this type of cells, telomerase is activated by cytokine stimulation at the stage of entering cell cycle and its activity is correlated with proliferative capability of cells [128] . Though, juvenile lymphocytes do not possess noticeable telomerase activity, a rather significant level of hTERT transcription is detected in them and in T-cells as well [129, 130] . The stimulation of lymphocytes is accompanied by a significant phosphorylation of TERT, translocation of TERT subunit out of cytoplasm to the nucleus, and increase of telomerase activity level.
The results presented above indicate the importance of hTERT phosphorylation in flexible regulation of intercellular localization of telomerase and its activity and testify in favor of Aisner et al.'s hypothesis [131] , according to which hTERT is located in cytoplasm of unstimulated cells in inactive non-phosphorylated form. hTERT is phosphorylated at the stimulation of lymphocytes, which possibly increases its translocation to the nucleus, i.e. assisting the construction of active telomerase holocomplex.
One more testimony to the aforementioned hypothesis is the data on the role in determining the localization of telomerase played by one more factor i.e. the proteins of 14-3-3 family, which are the co-factors of phosphorylation by serine/threonine kinases of some signaling proteins [132] . In one of the recent works of Seimiya et al. [133] 14-3-3 family proteins were shown to bind TERT as well as determine its nuclear localization, preventing active export of telomerase out of the nucleus and therefore assisting the activation of telomerase. Inactivation of both copies of 14-3-3s gene in telomerase-positive cells resulted in shortening of telomeres, increased the frequency of telomeric fusions and terminal non-reciprocal translocations [134] .
TERT was demonstrated to be phosphorylated at specific serine/threonine and tyrosine residues [131] . Telomerase activity increased under protein kinase C (PKC) activation in mononuclear cells of peripheral blood [135] . There are about 10 isoforms of PKC belonging to a big family of phospholipid-dependent kinases, which take part in cell growth regulation, differentiation of cells, oncogenesis [136] . PKCa was shown to increase telomerase activity in human breast cancer cells [137] and PKCz was shown to increase it in human nasopharyngeal cancer cells [138] . Various forms of PKC kinases may possibly regulate telomerase activity in different types of cells at different physiological conditions.
There are good reasons to consider serine/threonine protein kinase Akt being capable of phosphorylating TERT as well [139, 140] . Telomerase reverse transcriptase has two possible sites of Akt protein kinase phosphorylation, which is capable of increasing telomerase activity both in vitro [139] and in vivo [140] . Since Akt kinase is a key factor of signaling pathway of phosphatidyl inositol-3-kinase, then telomerase activation of TERT phosphorylation is explained by the mechanism of stimulating proliferation of cells by phosphatidyl inositol-3-kinase and their survival [141] .
Regardless of the presence of active telomerase, the length of telomere in stem-like cells decreases with the age, though slower than in somatic cells. Ectopic expression of telomerase in CD34 + and C133 + blood cells resulted in almost 10-time increase of telomerase activity, which led to telomere elongation by 600 b.p. [142] . Similar increase in telomerase activity in somatic cells of fibroblast resulted in the telomere elongation by 2000 b.p. Moreover, a significant increase in telomerase activity due to ectopic expression of telomerase did not prevent telomeres from shortening in serumless culture [142] .
Such difference in telomerase processivity in stem-like and somatic cells is possibly explained by additional mechanisms of telomerase length control, e.g. due to control of telomerase access to telomere by telomere-binding proteins. Therefore, numerous data regarding regulation of telomerase activity, which were 333 MOLECULAR MECHANISMS OF TELOMERASE ACTIVITY REGULATION Fig.3 . Schematic outline of telomerase place in cell regulatory network obtained on various objects with different specific physiological aspects up to now, testify in favor of the fact that the mentioned process is rather complicated, multi-staged, interrelated, and well-coordinated.
Telomerase activity is regulated at all the levels of enzyme expression and function beginning from its biosynthesis to alternative splicing of transcripts of catalytic subunits both at the level of its posttranslational modifications and at the level of telomerase-telomere binding. Besides, telomerase is active in multimeric complex only [143] . Therefore, it is possible that the temporary change in telomerase activity may also be achieved at the expense of regulation telomerase holocomplex formation [144] or as a result of change of expression of its other protein subunits. For instance, telomerase holocomplex subunits, chaperons HSP90 and p23 are necessary for reconstruction of telomerase activity complex out of recombinant TERT and TR [145] .
The main telomerase function is the maintenance of telomeres, which provide the integrity and stability of chromosomes and therefore play an important role in proper functioning of the cell. Thus, the regulation of telomerase activity should be tightly interrelated with other biochemical processes of the cell, e.g. cell cycle regulation, differentiation, apoptosis, DNA synthesis and reparation [146] (Fig.3) . Regulatory networks of telomerase as well as their relation to the regulation of other processes are not studied well-enough nowadays. Re-expression of enzymes of the system was shown to take place in the same order in which they enter biosynthesis in well-studied system of amino acid biosynthesis in Escherichia coli [147] . Such coordination is to take place in case of telomerase activity regulation.
Having analyzed numerous experimental results it is possible to foresee telomerase to be one of the links of single, complicated and interrelated chain of elements and events in the cell, which provide the performance of all cell programs.
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